We demonstrate a simple, compact and cost-efficient diode laser pumped frequency doubling system at 795 nm in the low power regime. In two configurations, a bow-tie four-mirror ring enhancement cavity with a PPKTP crystal inside and a semi-monolithic PPKTP enhancement cavity, we obtain 397.5nm ultra-violet coherent radiation of 35mW and 47mW respectively with a mode-matched fundamental power of about 110mW, corresponding to a conversion efficiency of 32% and 41%. The low loss semi-monolithic cavity leads to the better results. The constructed ultraviolet coherent radiation has good power stability and beam quality, and the system has huge potential in quantum optics and cold atom physics.
Introduction
Ultra-violet (UV) laser has great potential in practical applications, like the laser printing and lithography, spectroscopy, quantum optics and other aspects in quantum physics. For instance, Ca + ion optical clock is treated as a potential frequency standard with its long lifetime of the 3D 5/2 level. The 397nm laser, corresponding to the transition of Ca + 4S 1/2 -4P 1/2 , can be used as the cooling laser in trapping the ions, plays an important part in the Ca + clock [1, 2] . Commercial lasers are now available in UV regime, but have limited output power and imperfect beam quality. In order to get lasers with better properties at such short wavelengths, the method of second harmonic generation (SHG) has been employed. These generated coherent radiation could be used to pump an optical parametric oscillator (OPO). The realized squeezed light, which is resonant on the atomic transition line, plays a significant role in quantum information processing. The squeezed light, with the variance of quantum fluctuations of one quadrature component dropping below the vacuum state, could act as the probe light to increase the signal to noise ratio and the sensitivity as well. Quantum memory has been realized using electromagnetically induced transparency in rubidium vapor cell with a pulsed squeezed vacuum [3] . The sensitivity of the magnetic field measurement can be improved with the squeezed light which indicates that this technic could be greatly used in such precise measurement fields [4] . An entangled source for the possible quantum network is accomplished with a cascaded nondegenerated OPO [5] .
SHG was first demonstrated in 1961 [6] . In the experiment, they used a pulsed laser to observe the second harmonic (SH) at 347.2nm. As the generated SH power is quadratic to the incident fundamental laser, the majority of the frequency doubling experiments are undertaking in the high power regime, persuing higher power and efficiency. In the low power regime, the limited fundamental power leads to the low power density inside the cavity, but one can still get satisfying results. Kazuhiro Hayasaka et al. used a 50-mW extended-cavity diode laser at 1080nm and got a SH power of 22.8mW, the conversion efficiency was 51.6% [7] . However, the frequency doubling at 795nm is difficult, for the generated harmonic is in the UV regime, where the absorption is severe, and the optical elements are not always perfect because of the loss on the surfaces. Our 795nm SHG system is working with a maximum pump power of around 110mW to avoid the inevitable heating and we use a distributed-Bragg-reflector-type (DBR) diode laser as the pump source. Compared with the Ti: Sapphire laser or the tapered amplifier (TA), the diode laser is cost-efficient and greatly improves the simplicity and compactness of the system. In addition, it will not destruct the beam quality like TA does.
Different frequency doubling configurations have been created to raise the power intensity in the nonlinear crystal to increase conversion efficiency. The most common configurations are bow-tie ring cavity, standing wave cavity, semi-monolithic cavity and the monolithic cavity. The bow-tie configuration, built up by four mirrors, has great flexibility but with much linear loss and a lack of stability. For the wavelength of rubidium D1 transition line at 795nm, Zhai et al. obtained 40mW UV coherent radiation at 397.5nm with a mode-matched fundamental power of 260mW [8] . Our group used a diode-pumped TA-boosted enhancement cavity with a periodically poled potassium titanyl phosphate (PPKTP) crystal, achieved a 130mW-output of 397.5nm coherent radiation, corresponding to an efficiency of 43% [9] .The standing wave cavity reduces half of the mirrors and thus eliminates parts of the loss. A standing-wave cavity with a wedged PPKTP crystal got a second harmonic of 268mW and an efficiency of 69.4% [10] .The last two cavity configurations have great difficulty in manufacturing, but could further reduce the linear loss, and could expect an increase in conversion efficiency. For the simi-monolithic doubler cavity, 117.5mW 532nm coherent radiation was achieved with a pump power of 208mW, the conversion efficiency was 56.5% [11] . 1.05W 775nm coherent radiation was obtained in a PPKTP crystal yielding an excellent efficiency of 95% [12] . About 1.1W 532nm coherent radiation was achieved in a planoconvex MgO:LiNbO 3 (MgO:LN) crystal, with an 89% efficiency [13] . In their experiment, they used a crystal with both faces polished flat and the end surface coated high-reflected as the cavity mirror. The efficiency was lowered by a factor of 2 compared with the planoconvex model. For the monolithic cavity, one need to control the temperature to realize the phase matching condition and maintain the cavity resonance, which is difficult to reach the equilibrium. A monolithic cavity was used to generate 426nm coherent radiation with a power of 158mW and a conversion efficiency of 45% [14] . As we perform the frequency doubling process in the low power regime, the linear loss of the cavities should be taken into good consideration. Here, we used two different kinds of cavities which have different loss level, studied the SHG in the low power regime.
Only a few works have presented the SHG at 397.5nm. The heavy absorption at this UV regime has greatly limited the conversion, so it is hard to get an excellent efficiency. Our previous work, listed as Ref [9] , used a four-mirror bow-tie configuration with a diodepumped TA-boosted pump source to process the SHG. With an amplified fundamental power to around 400mW, we were able to obtain larger SH power, the generated stable SH output could up to 130mW. However, the TA will break the spatial profile of the fundamental wave, which would lead to a poorer mode-matching condition. In this work, the DBR diode laser serves as the pump source, a bow-tie ring cavity (BRC) and a semi-monolithic cavity (SC) are used for frequency doubling, and the use of the low loss SC helped to enhance the nonlinear process. The generated UV coherent radiation with a-41%-conversion efficiency is satisfying at the low pump power regime.
Experimental setup
The schematic diagram of frequency doubling system is shown in Fig. 1 . The pump source is a TO-8 packaged distributed-Bragg-reflector-type (DBR) diode laser at 795nm, with a typical line width of ~1MHz and a nominal maximum output power of 180mW. An optical isolator is placed in front of the doubling cavity to avoid the feedback to the pump laser, especially in the case of the semi-monolithic one. A phase-type electro-optical modulator (EOM) is used to generate a phase modulation to lock the cavity. A half wave plate is used to adjust the polarization of the pump laser to match with the crystal axis to get the maximum second harmonic generation.
The SC contains only an input mirror and a PPKTP crystal. The input coupler is a 30mm of radius of curvature mirror with a transmission of 5.6% at the fundamental wave laser (FW) and a reflectivity larger than 99.5% at the second harmonic wave coherent radiation (SHW). The PPKTP crystal is plano-convex, and has a dimension of 1mm × 2mm × 10mm. The curved surface has a radius of 15mm and is coated yielding a reflectivity of about 99.5% at 795nm and a transmission of about 98.5% at 397.5nm, acting as the output coupler for the generated UV radiation. The plane surface is antireflection coated (the residual reflectivity is smaller than 0.2% for the FW and SHW). The input coupler and the crystal are separated for 26.8mm, in order to focus the beam waist at the center of the crystal and the waist is 43μm.
The configuration of the BRC consists of two plane mirrors (M1, M2) and two curved mirrors (M3, M4) with the radius of 100mm. The curved mirrors are separated for about 120mm, and the total cavity length is around 600mm with a folding angle of 8°, for which the astigmatism can be neglected. The PPKTP crystal is antireflection (the residual reflectivity is smaller than 0.2% for the FW and SHW) and has a dimension of 1mm × 2mm × 20mm. The crystal is mounted on a copper oven with a thermo-electric Peltier element to have the temperature stabilized. The waist of the fundemantal wave in the crystal is calculated to be 40μm. M1 acts as the input coupler with a transmission of 7.4% at the fundamental wavelength, other three mirrors are all coated a high reflector at 795nm, and the M4 has a transmission of 94% at the second harmonic wavelength. A piezo-electric transducer (PZT) is mounted on M2, which can be used to lock the cavity length. The frequency doubling crystal we choose is PPKTP. Owing to the technique of quasiphase-matching (QPM), the crystal is periodically poled by the electric field with a proper grating period, so we are able to use the maximum nonlinear coefficient of the material. It is suitable for the SHG especially at low power regime. For the wavelength of 795nm, we use a crystal with the poling period of 3.15μm, corresponding to a phase matching temperature at about 50°C. The process of the SHG is noncritically phase matched by tuning the operating temperature. Both the FW and the SHW are close to the boundary of the transparent range of PPKTP (350nm -4400nm), so the absorption here is severe, leading to a loss of the SH power and a thermal effect. To overcome the problem to the greatest degree, first we coat the end surface of the crystal high transmissible to the SH, so it propagates a single pass in the crystal, which helps to reduce the absorption. Then we use a loose focus condition. We choose the beam waist to be about 40μm, almost twice the optimal confocal condition as calculated from the Boyd and Kleinmann's theory [15] , for theoretical optimal focusing parameter of ξ = L/b = 2.84, where L is the length of the crystal and b = πω 0 2 /λ. The loose focus has only slight influence on the conversion, but will dramatically weaken the thermal effect, which will do good to the long-term stability of the cavity.
Results and discussion
We obtained the temperature tuning curve of both crystals, as shown in Fig. 2 . The results match well with the sinc 2 function, indicating that the crystal is in good homogeneity of refraction index at such power level. For the semi-monolithic crystal, the phase-matching temperature is 53.0°C at the incident power of 140mW, and the full-width at half maximum bandwidth (FWHM) is 1.1°C. For a 100mW incident power, the phase matching temperature of the 20mm-long crystal is 50.5°C, and the FWHM is 0.5°C. The calculated phase matching temperature bandwidths are 1.0°C and 0.5°C respectively [16] , proving the crystals have good quality. The results of measured the SH power and the conversion efficiency versus the incident fundamental power are shown in Fig. 3 . Squares and circles are the measured experimental data for the BRC and the SC respectively. Lines are calculated from the theory. For the BRC, with a mode-matched power of 110mW, we get an SH power of 35mW and a conversion efficiency of 32%. For the SC, output power and the conversion efficiency are 47mW and 41% respectively, when the mode-matched power is 115mW. The mode-matching efficiency of the BRC and the SC are 82% and 93% respectively. Each experimental point is carefully optimized by searching the phase matching temperature T opt and the output power is measured when the cavity length is locked with a servo loop. We use the Pound Drever-Hall modulation sideband method to lock the cavity [17] , with a modulation frequency of 4.1MHz. The cavity is locked with a good stability. The experiment results has been optimized with the transmission of the input coupler close to the calculated optimal ones, so that the coupling efficiency is reaching a satisfying condition.
The overall conversion efficiency can be written as a function of the mode-matched incident power [18, 19] 
where η = P 2 /P 1 , is the overall efficiency, P 1 is the fundamental power, and P 2 is the generated SH power. L represents the round-trip loss except the transmission of the input coupler T 1 . Here we fit the linear loss L in the BRC and the SC to be 4.4% and 2.5% respectively. Γ includes all nonlinear loss and is in the form of Γ = E NL + Γ abs , where Γ abs means the absorption of the SH inside the crystal: P abs = Γ abs P c 2 , P c is the circulating power in the resonant cavity. The measured absorption in blue region around 400nm is about 10%-20%/cm, as mentioned at [18, 19] . For the wavelength of 397.5nm, the absorption would be more severe, we assume Γ abs = 0.22E NL in our model. As we can see from the Fig. 3 , the generated SH power and the conversion efficiency in the SC are higher than that in the BRC. It is because that in this configuration the intra-cavity loss is greatly reduced, for there is a cutback of the cavity mirrors and the crystal surfaces. On the other hand, the experimental results in the BRC match well with the calculated results, while in the SC show a deviation from the theory in higher power level. We attribute this phenomenon to the blue-induced thermal effect, including both blue-induced infrared absorption and the thermal lensing. Such effect will lead to a loss of the SH power and heat the crystal, especially in the SC. The FW and the residual SH propagate both forward and backward directions in the crystal and leading a more severe thermal loading. The heating will change the cavity length, form a thermal gradient inside the crystal and result in an asymmetry of the resonant signal, thus the deterioration of the error signal will make it hard to lock the cavity at the top of the peaks. The thermal lensing effect will add an inhomogeneity inside the crystal and destroy the previous focus condition. Changing the cavity length slightly will compensate for the deterioration to maintain a consistent SH power level [20] The major influence of the thermal effect is on the stability of the SH power. The absorption at such short wavelength is so severe, thus the generated SH greatly heats the crystal, resulting in a bad thermal stability, especially in the SC. In this configuration, the frequency doubling crystal plays a more important role. The short cavity length is sensitive to the crystal length change caused by the heating-lead refractivity variation, and the thermal loading is more evident, which produce great difficulty in locking the cavity. The measured SH power stability is shown in Fig. 4 . With an input fundamental power of around 110mW, we measure the output SH power for 30min. In the BRC, the RMS fluctuation is 0.7%, while in the SC, it is 1.9%. Despite the better mechanical stability of the SC, the fluctuation is still a bit larger. At this UV regime, thermal effect is the major limit to the stability of SH power. Further improvement could be made by enlarge the radius of the cured surface, so the beam waist could still be larger, one can use the loose focus to compensate part of the heating. For BRC, we can adjust the lengh between the two curved mirrors, shorter length will lead to a larger beam waist. For SC, we can replace the input coupler to a larger radius of curvature than the current one, and shorten or maintain the separated distance between the coupler and the plano surface of the crystal. A slight loose focus will not decrease much of the efficiency but will greatly reduce the thermal effect, and do good to the thermal stability of the cavity. The tunability range of both fundamental wave and the second harmonic radiation is measured. By scanning the current of the DBR laser, we obtaine the saturation absorption spectroscopy of the Rb D1 line, which indicates that the fundamental wave can be tuned continuously around 8.5GHz. For the SHW, we use a confocal Fabry-Pérot cavity to monitor its modes. With the frequency doubling cavity locked, we scan the current of the DBR laser with a speed of 5.4GHz/s, the SHW can be tuned continuously around 3GHz which is limited by the deforming length of the PZT. We used the method of frequency beating to estimate the line width of the DBR diode laser, the measured instantaneous line width is around 1.3MHz, and the line width of the generated UV radiation should have the same order. Just as mentioned in Ref [21] , G. K. Samanta et al. has measured the line widths of both the FW and SHW in their work, the obtained line widths are 12.5MHz and 8.5MHz respectively, the SHG process will not lead to an obvious change in line width.
Besides, we change the input coupler of the SC, which has a transmission larger than the calculated optimal one at the low power regime. It is used to qualitatively estimate the difference of linear loss between the two cavities. The frequency doubling crystal is working with the temperature tuned away from the phase matching one, so there is little nonlinear conversion. Figure 6 shows the resonant signals when the cavity length is scanned. (a) is for the SC, the finess is 40 when the transmission is 9.0%; (b) is the result of the BRC, the calculated finess is 38 with the transmission of 7.4%. The resonant signals of both cavities indicate that the SC has less loss on the mirrors and the crystal surfaces, for it has higher finess even with larger transmission. We can contribute its higher doubling efficiency to the less linear loss. In the Fabry-Pérot cavity geometry (SC in our case), the phase matching condition deriving from the interference of the forward and backward waves leads to the modulation of the intracavity intensity. The constructed condition means that the relative phase is a multiple of 2π. Several methods have been applied to eliminate this kind of phase mismatching. Using a wedged crystal [10] , utilizing the dispersion of air [22] , adjusting the phase-matching temperature [23] , and tilting the birefringent crystal [24] are all the feasible ways to compensate the phase mismatching. These methods could be utilized to further improve our experiments.
Conclusion
In conclusion, benefiting from the compact, convenient and inexpensive of the diode laser, we demonstrate the UV frequency doubling system at the low power regime. We use a bow-tie ring enhancement cavity and a semi-monolithic doubler respectively, using a loose focus condition to compensate part of the absorption caused thermal effect. The generated SH has a stable power output in the 30-min range, and has a good beam quality which is consistent with the Gaussian profile. In the SC, we obtain a stable SH radiation of 47mW and a conversion efficiency of 41% with a mode-matched fundamental power of 115mW, which is higher than that in the bow-tie configuration. Such SC is more suitable for these loss sensitive nonlinear transitions, both the second harmonic generation and the following process of OPO. In the low power regime, the generated SH power is limited by the intra-cavity loss, which could be improved by using the super polished mirrors with high quality coating. A modified display of the cavity could be expected to improve the long term power stability of the output SH.
The SHG process gives us the access to the coherent radiation at short wavelengths, especially the UV regime. The realized UV coherent radiation usually has better beam quality and satisfying power, so it could be useful in quantum physics. For instance, pumping the subthreshold OPO and producing squeezed vacuum. The generated squeezed light will be effective in fields like the precise measurements and spectroscopy.
